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Abstract. A class of networked control systems called Model-Based Networked Control Systems (MB-NCSs) is considered.
Stabilization of MB-NCSs is studied using feedback controls and simulation of stabilization for different feedbacks is made
with the purpose to reduce the network trafﬁc. The feedback control input is applied in a compensated model of the plant
that approximates the plant dynamics and stabilizes the plant even under slow network conditions. Conditions for global
exponential stabilizability and for the choosing of a feedback control input for a given constant time between the information
moments of the network are derived. An optimal control problem to obtain an optimal feedback control is also presented.
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INTRODUCTION
With the increasing of the use of networks in the industrial control systems, many works about networked control
systems have been developed and different approaches for stability and stabilization have been presented in the last
years. The increasing of the use of networks on industry to transfer information is due to its ﬂexibility and easy
maintenance of a system. In systems using network is very easy to modify the control strategy by rerouting signals,
and the control strategies can be activated automatically when component failure occurs. The use of a network on a
control system is desirable when there is a large number of distributed sensors and actuators.
One of the problems of the use of networks in a control system is the limitation of bandwidth that is necessary to the
communication network in a networked control system. Two different methods to solve this problem can be used. One
of them is to minimize the transfer of information between the sensor and the controller/actuator. The second method
is to compress or reduce the size of the data transferred at each transaction. As the data compression by reducing the
size of the data transmitted has negligible effects on the system performance, reduce the number of transmitted packets
brings better beneﬁts than data compression. Also any delay in an information transaction is usually due to network
access contention. That is, the sensor with a fast sampling rate can send through the network the latest data available
resulting in an insigniﬁcant information transfer delay. But there will be contention in the network so that, even if the
delay is small, the sensor data will not be available at all times for the controller/actuator. This brings us back to the
idea of reducing the data transfer rate as much as possible, that is, increasing as much as possible the time between
the information moments sent by the sensor to controller/actuator. Thus more bandwidth will be available to allocate
more resources without sacriﬁcing stability and overall system performance.
Many works about this subject were published, for example, [1]–[5]. Other important works about necessary and
sufﬁcient conditions for stability have been presented and optimal control problems to obtain an optimal control have
been developed (see [6]–[17]). The work presented here complements the results obtained in the literature. First,
we analyse if for a given Model-Based Networked Control System (MB-NCS) with a ﬁxed feedback gain there
is always a constant time between the information moments sent by the sensor to controller/actuator in order that
there exists stabilization. Secondly, for a ﬁxed constant time between the information moments sent by the sensor
to controller/actuator, we obtain sufﬁcient conditions for global exponential stabilizability. This second purpose is
preceded by a simple example, where we simulate the stabilization of the control system for different ﬁxed constant
times between the informationmoments sent by the sensor to controller/actuator using correct feedback controls. These
results help us to ﬁnd the smallest frequency with that the network must update the state in the controller. Finally, we
present an optimal control problem to maximize the transmission intervals and to optimize the performance of the
system, but considering the required control effort.
We will consider the linear time-invariant (LTI) continuous-time systems case and the problem of having a sensor
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that is connected to the controller/actuator by a network. A plant model is used to recreate the plant behavior so that
the sensor can delay sending data once the model can provide an approximation of the plant dynamics. The idea is to
perform a feedback (a linear state feedback control law) by updating the model’s state using the actual state of the plant
that is provided by the sensor. In the rest of the time, the control action is based on a plant model that is incorporated
in the controller/actuator and is running open loop for a period of h seconds. We will also assume that the plant and
the model are controllable, the transportation delay is insigniﬁcant that is justiﬁable in most of the popular network
standards like CAN bus or Ethernet, and the frequency with that the network must update the state in the controller is
constant, h. The plant may be unstable.
CHARACTERIZATION OF THE CONTROL SYSTEM
In the control system described in the Introduction section, the plant, the model and the feedback control input are
given by
Plant: x˙ = Ax+Bu,
Model: ˙xˆ = ˆAxˆ+ ˆBu,
Feedback control input: u = Kxˆ,
where x, xˆ ∈ Rn, A, ˆA ∈ Rn×n, B, ˆB ∈ Rn×m, and K ∈ Rm×n. The state error is deﬁned as e = x− xˆ, and represents
the difference between the plant state and the model state. The modeling error matrices that represent the difference
between the plant and the model are ¯A = A− ˆA and ¯B = B− ˆB. Once the sensor has the full state vector available,
the sensor can send the state information through the network every h seconds. Then, the update time instants are tk,
where tk+1 − tk = h, k = 0,1,2, . . ., and h is a constant. Since the model state is updated every tk seconds, e(tk) = 0,
k = 0,1,2, . . .. This condition for the state error is the crucial key in the characterization of the control system.
Therefore, for t ∈ [tk, tk+1) and u = Kxˆ(t), we have the overall system described by(
x˙(t)
˙xˆ(t)
)
=
(
A BK
0 ˆA+ ˆBK
)(
x(t)
xˆ(t)
)
with initial conditions xˆ(tk) = x(tk), k = 0,1,2, . . .. Introducing the error e(t) = x(t)− xˆ(t), we see that the dynamics
of the overall system can be described by(
x˙(t)
e˙(t)
)
=
(
A+BK −BK
¯A+ ¯BK ˆA− ¯BK
)
︸ ︷︷ ︸
Θ
(
x(t)
e(t)
)
,
(
x(tk)
e(tk)
)
=
(
x(t−k )
0
)
, t ∈ [tk, tk+1), with tk+1− tk = h. (1)
Deﬁne by MT the transpose of a matrix M. In work [9], as well as in other works cited here, system (1) with initial
condition
(
xT (t0) eT (t0)
)T
=
(
xT (t0) 0T
)T
=
(
xT0 0T
)T has the solution
(
x(t)
e(t)
)
= eΘ(t−tk)
⎛
⎜⎜⎜⎝
(
I 0
0 0
)
eΘh
(
I 0
0 0
)
︸ ︷︷ ︸
Ψ
⎞
⎟⎟⎟⎠
k(
x0
0
)
, t ∈ [tk, tk+1), with tk+1− tk = h,
where I is the identity matrix. In the same works (e.g., [9]) is presented the following result:
Theorem 1 ([9]) System (1) is globally exponentially stable around the solution ( xT eT )T = (0T 0T )T if and
only if the eigenvalues of Ψ are strictly inside the unit circle.
Applying the transformation P =
(
I 0
I −I
)
with inverse P−1 =
(
I 0
I −I
)
over Θ we easily obtain
Ψ=
(
I 0
0 0
)
e
˜Θh
(
I 0
I 0
)
=
(
Ψ11 0
0 0
)
=
⎛
⎜⎝ ∞∑j=0
Aj+
j−1
∑
l=0
Aj−l−1BK( ˆA+ ˆBK)l
j! h
j 0
0 0
⎞
⎟⎠ ,
where ˜Θ= PΘP−1 =
(
A BK
0 ˆA+ ˆBK
)
. Therefore, in Theorem 1 we can changeΨ by Ψ11.
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STABILIZATION OF THE CONTROL SYSTEM
First, consider a ﬁrst-order plant x˙ = ax+ bu, a,b ∈ R, where the model is ˙xˆ = aˆxˆ+ ˆbu, aˆ, ˆb ∈ R, and the feedback
control input is u = kxˆ, for a ﬁxed k ∈ R. For the ﬁrst-order case we have
|Ψ11|=
∣∣∣∣∣eah+ bk(e
ah− e(aˆ+
ˆbk)h)
a− aˆ− ˆbk
∣∣∣∣∣≤ 2αeβh,
where α =max{|1+bk/(a− aˆ− ˆbk)|, |bk/(a− aˆ− ˆbk)|}> 0 and β =max{a, aˆ+ ˆbk}. Consider that β = 0. If α < 1/2,
from Theorem 1, we have global exponential stability around the zero solution. The ﬁrst impression is that is necessary
to restrict α to obtain global exponential stability, but this is a sufﬁcient condition and not a necessary condition.
Therefore, it is necessary to study this case in more detail. Suppose that α = |1+ bk/(a− aˆ− ˆbk)|. So we have
bk/(a− aˆ− ˆbk) = −(α + 1) or bk/(a− aˆ− ˆbk) = α − 1. The ﬁrst equality contradicts the deﬁnition of α , because
|bk/(a− aˆ− ˆbk)|= α+1 > α . Then we have that bk/(a− aˆ− ˆbk) = α−1. Suppose that a = 0 and aˆ+ ˆbk < 0 (these
considerations respect the condition β = 0). Therefore we only have global exponential stability if and only if there
exists h > 0 such that |α− (α− 1)e(aˆ+ˆbk)h| < 1. This happens if and only if 0 < bk/(aˆ+ ˆbk) < 1. So, for the general
case (n-order plant), ﬁxed a feedback gain K, the existence of a period h > 0 in order that system (1) is globally
exponentially stable around the zero solution depends of the matrices A, ˆA, B and ˆB.
Now, in the following example, we will present simulations of stabilization of an MB-NCS using different feedback
gains for different ﬁxed periods h. The main purpose is to verify in that conditions we can increase the period h.
Consider the plant and the model with
A =
(
0 1
0 0
)
, ˆA =
(
−0.5 0.5
−0.5 −0.5
)
, B = ˆB =
(
0
1
)
, and x0 = xˆ0 =
(
1
1
)
.
Simulations of stabilization of the plant for different periods and different feedback gains are shown in Fig. 1.
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FIGURE 1. Plant States. (a) Feedback gain K = (−1.5 −2) and period h = 2 seconds. (b) Feedback gain K = (−1.7 −1.5)
and period h = 20 seconds. (c) Feedback gain K = (−2 −2) and period h = 200 seconds. (d) Feedback gain K = (−15 −15)
and period h = 200 seconds.
From Fig. 1, we can see that for this example we increased the period h until 200 seconds and we always obtained
stabilization of the plant. For this purpose, we just chose the correct feedback gains. In Fig. 1 (a), for a period of
2 seconds, we have chosen the feedback gain K =
(
−1.5 −2
)
. The matrix Ψ11 has the maximum of eigenvalue
magnitude less than 0.4 < 1, so it veriﬁes the condition of Theorem 1 and system (1) is globally exponentially stable.
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In Fig. 1 (b), we have chosen the feedback gain K = (−1.7 −1.5) for a period of 20 seconds. The matrix Ψ11
has the maximum of eigenvalue magnitude less than 0.3 < 1. So, system (1) is also globally exponentially stable. In
Fig. 1 (c), for a period of 200 seconds, we used the feedback gain K = (−2 −2). In this case, the maximum of
eigenvalue magnitude of the matrixΨ11 is approximately equal to 0.2< 1, so we also have global exponential stability.
Inspired in the previous example, we will investigate what is the relation that there must be between the period h
and the feedback gain K for we have stabilization. From Gerschgorin circle theorem (see [18], [19]), we know that
a complex n× n matrix C, with entries cik, i,k = 1,2, . . . ,n, has its eigenvalues inside the union of the closed discs
D(cii,Ri) centered at cii with radius Ri = ∑nk=1,k =i |cik| for all i ∈ {1,2, . . . ,n}. Thus, for system (1) to be globally
exponentially stable, it is sufﬁcient that D(ψii,Ri)⊂D(0,1) for all i∈ {1,2, . . . ,2n}, where ψii are the diagonal entries
of the matrix Ψ, Ri = ∑2nk=1,k =i |ψik| for ψik, i,k = 1,2, . . . ,2n, the entries of Ψ, and D(0,1) is the unit circle (centered
at 0 with radius 1). That is, the absolute values of the entries of Ψ11 must be sufﬁciently small. As ∑∞j=0 ε/ j! = εe for
a positive constant ε , we just make |(Aj +∑ j−1l=0 Aj−l−1BK( ˆA+ ˆBK)l)ik|h j ≤ ε , for i,k = 1,2, . . . ,n and ε sufﬁciently
small. This is the same to make ‖Aj +∑ j−1l=0 Aj−l−1BK( ˆA+ ˆBK)l‖ = 1/(δ ( j)h j), for δ ( j) sufﬁciently large for all j,
where ‖ · ‖ is a matrix norm. Therefore we have the result that follows.
Theorem 2 Fixed a period h > 0, system (1) is globally exponentially stable around the solution ( xT eT )T =(
0T 0T
)T if there exists a feedback gain K such that ‖Aj +∑ j−1l=0 Aj−l−1BK( ˆA+ ˆBK)l‖ = 1/(δ ( j)h j), for δ ( j)
sufﬁciently large for all j.
The above study helps us to increase the time between the information moments sent by the sensor to con-
troller/actuator, that is, helps us to reduce the network trafﬁc. But we can see in Fig. 1 that this increasing also in-
creases the time of stabilization. So, the performance of the system decreases. A solution to reduce this problem is to
use a better feedback gain. We can see an example to reduce this problem in Fig. 1 (d). Using a new feedback gain
K =
(
−15 −15
)
we also obtain global exponential stability for system (1) with a period of 200 seconds, but with a
much more fast stabilization. The matrixΨ11 has the maximum of eigenvalue magnitude less than 0.04< 1. However,
this solution can be an obstacle to the required control effort. Therefore, we should also consider this parameter in
our stabilization process. To obtain an optimal period h and an optimal feedback gain K we must solve an optimal
control problem. For this purpose, we will present an optimal control problem when the model is nominal. Once the
complete nominal error dynamics can be represented by e˙ = (1− γ(h)) ˆAe, with γ(h) = 1 for t = tk, and γ(h) = 0 for
t ∈ (tk, tk + h), k = 0,1,2, . . ., we present an optimal control problem as follows:
max
K∈ηBm×n
h,
subject to
∥∥∥∥∥ ˆAj +
j−1
∑
l=0
ˆAj−l−1 ˆBK( ˆA+ ˆBK)l
∥∥∥∥∥= 1δ ( j)h j ,
e → 0, e˙ = (1− γ(h)) ˆAe, γ(h) ∈ {0,1},
xˆ(t0) = xˆ0, xˆ(T ) = 0, T > t0,
for δ ( j) sufﬁciently large for all j, and where η is a positive constant and Bm×n = {X ∈ Rm×n : ‖X‖ ≤ 1}.
CONCLUSION
The main purpose of this work was to reduce the network trafﬁc in the stabilization of MB-NCSs because of the
limitation of bandwidth that is necessary to the communication network. Then, we presented sufﬁcient conditions to
ﬁnd the smallest frequency with that the network must update the state in the controller, that is, sufﬁcient conditions
that help us to ﬁnd a feedback control input that increases the time between the informationmoments sent by the sensor
to controller/actuator. However, we have seen that for large times between the information moments, the performance
of the system decreases. So, we presented an optimal control problem to maximize the transmission intervals and to
optimize the performance of the system, but considering the required control effort. Therefore, we conclude that we can
consider large times between the information moments sent by the sensor to controller/actuator since the conditions
presented are satisﬁed. No less important was the proof that, for a ﬁxed feedback gain, the existence of a time between
the information moments in order to have stabilization depends of the matrices of the plant and the model. Equivalent
considerations can be derived for LTI discrete-time systems, output feedback plants, and for network delay cases.
370011-4
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions IP:  193.137.65.100 On: Mon, 07 Nov 2016 10:57:52
ACKNOWLEDGMENTS
This work was supported by Portuguese funds through the CIDMA - Center for Research and Development in
Mathematics and Applications, and the Portuguese Foundation for Science and Technology (“FCT - Fundação para a
Ciência e a Tecnologia”), within project UID/MAT/04106/2013.
REFERENCES
1. R. W. Brockett, “Minimum Attention Control,” in Proceedings of the 36th IEEE Conference on Decision and Control, San
Diego, California USA, 1997, pp. 2628–2632.
2. N. Elia and S. K. Mitter, “Stabilization of Linear Systems with Limited Information,” IEEE Transactions on Automatic Control
46(9), 1384–1400 (2001).
3. G. N. Nair and R. J. Evans, “Communication-Limited Stabilization of Linear Systems,” in Proceedings of the 39th IEEE
Conference on Decision and Control, Sydney, NSW, 2000, pp. 1005–1010.
4. I. R. Petersen and A. V. Savkin, “Multi-Rate Stabilization of Multivariable Discrete-Time Linear Systems via a Limited
Capacity Communication Channel,” in Proceedings of the 40th IEEE Conference on Decision and Control, Orlando, FL, 2001,
pp. 304–309.
5. H. Rehbinder and M. Sanfridson, “Scheduling of a Limited Communication Channel for Optimal Control,” in Proceedings of
the 39th IEEE Conference on Decision and Control, Sydney, NSW, 2000, pp. 1011–1016.
6. T. Estrada and P. J. Antsaklis, “Stability of Model-Based Networked Control Systems with Intermittent Feedback,” in
Proceedings of the 17th IFAC World Congress, COEX, South Korea, 2008, pp. 12581–12586.
7. E. Garcia and P. J. Antsaklis, “Model-Based Event-Triggered Control for Systems with Quantization and Time-Varying
Network Delays,” IEEE Transactions on Automatic Control 58(2), 422–434 (2012).
8. E. Garcia, P. J. Antsaklis, and L. A. Montestruque, Model-Based Control of Networked Systems, Systems & Control:
Foundations & Applications, Birkhäuser Basel, 2014.
9. L. A. Montestruque and P. J. Antsaklis, “Model-Based Networked Control Systems - Stability,” ISIS Technical Report
ISIS-2002-001, University of Notre Dame, January 2002.
10. L. A. Montestruque and P. J. Antsaklis, “Model-Based Networked Control Systems - Necessary and Sufﬁcient Conditions for
Stability,” in Proceedings of the 10th Mediterranean Conference on Control and Automation, Lisbon, Portugal, 2002.
11. L. A. Montestruque and P. J. Antsaklis, “State and Output Feedback Control in Model-Based Networked Control Systems,” in
Proceedings of the 41st IEEE Conference on Decision and Control, Las Vegas, NV, USA, 2002, pp. 1620–1625.
12. L. A. Montestruque and P. J. Antsaklis, “On the Model-Based Control of Networked Systems,” Automatica 39(10), 1837–1843
(2003).
13. L. A. Montestruque and P. J. Antsaklis, “Stability of Model-Based Networked Control Systems with Time-Varying
Transmission Times,” IEEE Transactions on Automatic Control. Special Issue on Networked Control Systems 49(9), 1562–1572
(2004).
14. L. A. Montestruque and P. J. Antsaklis, “Networked Control Systems: A Model-Based Approach,” in Handbook of Networked
and Embedded Control Systems, edited by D. Hristu-Varsakelis and W. S. Levine, Birkhäuser Boston, 2005, pp. 601–625.
15. L. A. Montestruque and P. J. Antsaklis, “Quantization in Model Based Networked Control Systems,” in Proceedings of the
16th IFAC World Congress, Prague, Czech Republic, 2005.
16. X.-M. Tang and J.-S. Yu, “Feedback Scheduling of Model-Based Networked Control Systems with Flexible Workload,”
International Journal of Automation and Computing 5(4), 389–394 (2008).
17. Z. Wang, W. Pan, and G. Guo, “Stability of Model-Based Networked Control System with Quantized Feedback,” in
Proceedings of the 3rd International Conference on Innovative Computing Information and Control, Dalian, Liaoning, 2008.
18. S. Geršgorin (S. Gerschgorin), “Über die Abgrenzung der Eigenwerte einer Matrix,” Bulletin de l’Académie des Sciences de
l’URSS. Classe des sciences mathématiques et naturelles 6, 749–754 (1931).
19. R. S. Varga, Geršgorin and His Circles, Springer Series in Computational Mathematics, Berlin: Springer-Verlag, 2004.
370011-5
 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions IP:  193.137.65.100 On: Mon, 07 Nov 2016 10:57:52
